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Abstract 
The use of daylight has become an essential concern in improving environmental quality and decreasing overall energy 
consumption by providing natural daylight, which results in minimizing the energy use for indoor lighting, cooling and heatin g 
loads. Exterior solar shadings for windows have been widely used in hot or subtropics climates to reduce energy consumption 
and cut air conditioning costs in residential sector. The most common material types used in exterior solar shadings are aluminum 
and wood.  
Life cycle assessment (LCA) was used to evaluate the environmental effects of the aforementioned materials in typical exterior 
shadings used in residential buildings. The study compiled a Life-Cycle Inventory (LCI) for quantifying and characterizing the 
energy consumption and emissions to the environment of these common materials during the life cycle of solar shadings. A life 
cycle methodology that follows the International Organization for Standardization (ISO) 14040 standard for life cycle assessment  
was used in this study. Based on the analysis conducted, the positive and negative effects of aluminum and wood shadings on 
environment for different types of shadings are presented. It was concluded that wood shadings are more environmentally -
friendly than aluminum shadings during their life cycles and are better alternatives to be used by building professionals to 
achieve a more sustainable design. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015. 
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1. Introduction 
According to recent studies, building sector is responsible for 30 to 40% of the general public’s  total energy 
demand and approximately 44% of the total material use [1]. Therefore, environmental performance analysis of 
construction materials within their life cycles is critically  substantial to lead building professionals towards design of 
sustainable buildings to reduce the negative environmental impacts and also to dimin ish the energy consumption in 
building sector. Life cycle Assessment (LCA) is a g reat technique that can be used to compare the environmental 
impacts of building materials and products helping the decision-makers to select more sustainable alternatives in 
construction. 
 
LCA technique has been widely applied to  single building components including windows  and walls, or entire 
buildings. Broun et al. [2-3], investigated the breakdown of p rimary greenhouse gas (GHG) emissions and energy 
use of the two most common exterior wa ll types including insulated concrete form (ICF) and cavity walls in the U.K. 
They concluded that the ICF wall system environmentally performs better than the other alternative. In  another study 
conducted by Babaizadeh and Hassan [4], LCAs of a clear float glass window and a similar nano-sized titanium 
dioxide (TiO2) coated glass window (as a potential substitute for clear glass windows commonly used in residential 
buildings) were analyzed and compared. TiO2 coated glasses have the ability to purify the environment by capturing  
some of the air pollutants while the production of the coating itself increases the environmental loads and depletes 
some fossil fuel and electricity. The results of the study conveyed the technology has positive impact on  
acidification, s mog format ion and eutrophication while increase environmental loads on human health and ecological 
toxicology categories. The overall normalized environmental performance of coated glass was better than clear g lass 
suggesting the window type as a prominent alternative to be used in sustainable building designs  [4].  
 
Windows are the most significant components of the building  envelope in terms of energy use and comfort [ 5-7]. 
Depending on their properties, exterior window shadings can significantly effect on indoor air conditioning of the 
buildings by reducing direct solar gain ( maximum of 80% reduction) [8]. These devices protect buildings against 
extreme solar radiation effectively before it passes through fenestration glazing which results in decrease in overall 
cooling and heating loads [9]. Kim et  al. compared a proposed exterior shading with 3 d ifferent configurat ions of 
conventional shading systems used in high-rise build ings in South Korea [10-11]. A series of measurements and 
simulations have verified the distinguished advantages in illumination and building energy consumption by using 
external shading devices .  
 
The focus of this study is to conduct a comparing life  cycle assessment of aluminum and wood, the main  two  
common materials used in exterio r window shadings, in order to determine the more sustainable option. The selected 
materials were compared to each other under two common and effective shading configurations in a typical building  
located in the hot-humid climate zone. To achieve this objective, a  cradle-to-grave Life Cycle Inventory (LCI) for 
quantifying the consumed energy and emitted pollutants due to use of the shadings during the extraction, 
transportation, manufacturing, in-service and end-of-life phases was complied. The Building for Environmental and 
Economic Sustainability (BEES) model and SimaPro 8.0 software were employed to develop the LCI of the exterior 
window shadings. The life cycle assessment framework used in this study was based on a life cycle methodology 
that follows the International Organization for Standardization (ISO) 14040 standard for life cycle assessment. 
2. Methodology and problem formulation 
2.1. Exterior shading configurations 
A hot-humid climate with extreme solar radiation characteristic was carefully chosen to compare aluminum vs. 
wood shadings. The geographical information of the location of the building is shown in Table 1. The most effective 
exterior shading types commonly used in the U.S. residential build ings are illustrated in Figure 1. Tab le 2 shows the 
required dimensions for the two introduced configurations based on ASHRAE standards for a typical 1.2m × 1.4 m 
window area. 
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                               Table 1. Building location and geometry. 
Location Weather Condition Latitude Longitude Summer Altitude (degrees) 
TX-Houston Hot-Humid 29.94 95.34 66.18 
 
 
 
Fig. 1. External window shading configurations. 
                             Table 2. Dimensions and thickness for exterior shadings. 
City Dimensions (m) Thickness (m) 
  A B  Aluminum Wood 
TX-Houston 1.4 0.6 0.01 0.1016 
2.2. Energy simulation 
Figure 2 depicts a typical U.S. residential building analyzed in the study consisting of a one-story detached house 
with a height of 3.2 m and a total floor area of 130 m2. The total window to wall ratio was 18.87 where the height 
and width of the windows were equal to 1.4 m and 1.2 m. The inside temperature was set to 20 and 24°C in winter 
and summer, respectively.  
 
Fig. 2. Typical residential building. 
Ecotect 5.6 was used to create the building's geometry  and then it  was imported into EnergyPlus software 7.2 for 
energy consumption simulation [12]. Monthly building energy consumption for aluminum and wood shadings under 
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both configurations was calculated. All envelope properties, schedules and equipment (lighting  system, HVAC 
system, etc.) were defined in EnergyPlus . Table 3 shows the total heating and cooling energy for the studied cases. 
                                       Table 3. Total heating and cooling energy (kWh). 
  Total [KWH] (monthly) 
  Wood Aluminum  
No Shading 12268 12268 
Shading 1 11851 11851 
Shading 2 11690 11691 
2.3. Life cycle assessment 
An LCA was employed to determine the environmental impacts of the shadings in their all life stages including 
raw materials acquisition, product manufacture, transportation, installation, operation, and eventually recycling  
and/or waste management. Figure 3 represents four major steps of environmental life cycle assessment. 
Fig. 3. Environmental life cycle assessment steps. 
The first step of an environmental life cycle assessment is describing the goal and scope. The main goal of LCA is 
to introduce the most environmentally -friendly construction materials to the build ing community and lead them 
towards sustainable designs. A functional unit should be considered for the alternatives in o rder to  have a fair 
comparison. In addition to functional unit, system boundaries are defin ed under this LCA step. In this study, 
functional unit was assumed to be a standard unit of wood shading vs. a unit of aluminum shading being in  use over 
40 years. 
 
In the second step of LCA, the inventory flows should be quantified. This includes the unit process inputs such as 
raw materials, water and energy, and outputs including releases to land, water and air. SimaPro 8.0 (Ecoinvent 3.0 
databases) was used to quantify the energy consumed and environmental emissions associated to the shadings over 
their life cycles. 
 
Characterizat ion and normalization of the quantified inventory flows develop the third step of LCA, also known 
as impact assessment as stated by the ISO series 14040 [13-16]. Inventory data were associated with specific 
environmental impact categories, based on the BEES 4.0 model [17]. The BEES model p rovides the equivalency 
factors based on the research conducted by the U.S. Environmental Protection Agency (U.S. EPA) [18]. BEES 
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model adopts TRACI (Tool fo r Reduction and Assessment of Chemical and other environmental Impacts) life cycle 
impact assessment methods developed by the U.S. EPA Office of Research and Development.  
 
For transport from factory to construction site and from construction site to landfill/recycle, it was assumed a 16-
32 metric ton lorry is used for an average distance of 25 km with a load of 50% because the return trip will be empty. 
The amount of energy in MJ being saved due to using the shading over the in-service life of the studied window is 
positively incorporated in fossil fuel depletion impact category. The end of life stage for wood was assumed to be 
75% landfill and 25% incinerat ion while 100% of aluminum was assumed to be recycled. Recycling is effective for 
both current and future life cycles. Therefore, the total environmental impacts only include half of the recycling  
impacts which correspond to the effects of recycling in the current life cycle and excluding its effects for the next life 
cycle. 
 
Normalized impacts were synthesized by weighting each impact category by its relative importance to overall 
environmental performance. Then, the weighted average impact score was computed for each material in each 
shading to represent their overall environmental performance to form the final step of environmental life cycle 
assessment. 
 
The environmental impact was weighted as suggested in the BEES model, based on BEES Stakeholder Panel 
Judgments [17]. Among these 12 weighted factors the BEES model takes into consideration in LCA, indoor air 
quality was omitted in the analysis of shadings, since use of the product does not affect this category. Relative 
importance weights were then modified to reflect indoor air quality elimination in these categories: global warming  
(29.9%), acidificat ion (3.1%), eutrophication (6.2%), fossil fuel deplet ion (10.3%), water intake (8.3%), air 
pollutants (9.3%), human health cancerous and non-cancerous (8.3% and 5.2%), smog (4.1%), ozone depletion 
(2.1%), habitat alteration (6.2%), and ecological toxicity (7.2%). The score provided by applying the relative 
importance weights denotes the environmental performance of the material. A lower score indicates a more 
sustainable and environmentally-friendly alternative, and a negative score specifies that the product conveys a 
positive impact on the environment. Table 4 depicts the normalization values and relative importance weights used 
for this study [17]. 
                        Table 4. Normalization and weighting factors used in the analysis. 
  Normalization Weighting 
Impact Norm. values  Relative importance  
Global warming 25582640.09 29.90 
Acidification  7800200000.00 3.09 
Eutrophication 19214.20 6.19 
Fossil fuel depletion 35309.00 10.31 
Water intake 529957.75 8.25 
Criteria air pollutants 19200.00 9.28 
Human health cancer 151500.03 8.25 
Human health non cancer 151500.03 5.15 
Smog 81646.72 4.12 
Ozone depletion 340.19 2.06 
Ecological toxicity 274557555.37 7.22 
Habitat alteration 0.00335 6.19 
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3. Results and discussion 
Tables 5 and 6 contain the characterized and normalized flow quantities for each  impact  category, and ult imately  
the weighted and interpreted life cycle environmental score for the aluminum and wood shadings. A negative 
environmental score indicates that the product has a positive effect on the environment within its life cycle. Wood 
shading in both cases showed better performance than aluminum shading. 
 
                        Table 5. Environmental performance (Shading 1). 
    Characterization Normalization Environmental score 
Impact  Flow Alum. Wood Alum. Wood Alum. Wood 
Global warming g CO2 eq 4.21E+05 1.73E+05 1.65E-02 6.75E-03 
4784 -10699 
Acidification  H+ mmole eq 1.76E+05 6.57E+04 2.25E-05 8.43E-06 
Eutrophication g N eq 1.77E+03 6.78E+02 9.24E-02 3.53E-02 
Fossil fuel depletion MJ surplus -7.20E+05 -7.21E+05 -2.04E+01 -2.04E+01 
Water intake Liters 3.31E+06 7.14E+05 6.24E+00 1.35E+00 
Criteria air pollutants microDALYs 9.76E+01 3.57E+01 5.08E-03 1.86E-03 
Human health cancer g C6H6 eq 2.38E+03 1.20E+03 1.57E-02 7.89E-03 
Human health non cancer g C7H7 eq 2.90E+06 2.26E+06 1.91E+01 1.49E+01 
Smog g NOX eq 1.32E+03 6.49E+02 1.62E-02 7.95E-03 
Ozone depletion g CFC-11 eq 9.05E-03 4.23E-03 2.66E-05 1.24E-05 
Ecological toxicity g 2,4-D eq 4.40E+03 1.97E+03 1.60E-05 7.17E-06 
Habitat alteration T&E count 6.14E-11 5.48E-11 1.83E-08 1.64E-08 
                        Table 6. Environmental performance (Shading 2). 
    Characterization Normalization Environmental score 
Impact  Flow Alum. Wood Alum. Wood Alum. Wood 
Global warming g CO2 eq 4.21E+05 1.73E+05 1.65E-02 6.75E-03 
-13982 -20302 
Acidification  H+ mmole eq 1.76E+05 6.57E+04 2.25E-05 8.43E-06 
Eutrophication g N eq 1.77E+03 6.78E+02 9.24E-02 3.53E-02 
Fossil fuel depletion MJ surplus -9.97E+05 -9.98E+05 -2.82E+01 -2.83E+01 
Water intake Liters 3.31E+06 7.14E+05 6.24E+00 1.35E+00 
Criteria air pollutants microDALYs 9.76E+01 3.57E+01 5.08E-03 1.86E-03 
Human health cancer g C6H6 eq 2.38E+03 1.20E+03 1.57E-02 7.89E-03 
Human health non cancer g C7H7 eq 2.90E+06 2.26E+06 1.91E+01 1.49E+01 
Smog g NOX eq 1.32E+03 6.49E+02 1.62E-02 7.95E-03 
Ozone depletion g CFC-11 eq 9.05E-03 4.23E-03 2.66E-05 1.24E-05 
Ecological toxicity g 2,4-D eq 4.40E+03 1.97E+03 1.60E-05 7.17E-06 
Habitat alteration T&E count 6.14E-11 5.48E-11 1.83E-08 1.64E-08 
 
The interpreted environmental scores of wood and aluminum shading are depicted in Figures 4 and 5. Use of the 
shadings result in considerable increase in water intake and human health (non -cancer) categories, while they 
significantly reduce fossil fuel depletion. 
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Fig. 4. Environmental performance of shading 1. 
 
Fig. 5. Environmental performance of shading 2. 
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4. Conclusions 
Based on the analysis conducted, it was concluded that use of both aluminum and wood window shadings for 
residential windows, would  decrease the total energy consumption in buildings over its life cycle. Wood shading was 
found to be a more environmentally-friendly alternative than similar aluminum shading. It was also determined that 
shading type 2 is more effective than shading type 1 in reducing buildings energy consumption. 
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